Introduction {#sec1-1}
============

Bronchial asthma is a chronic inflammatory disorder of the airways characterized by airways inflammation, bronchospasm and increased mucus production inside the airways ([@ref1]). Chronic inflammation causes tissue damage and repeated tissue damage and repair leads to structural changes of the airways, including subepithelial fibrosis, goblet cell hyperplasia, increased airway smooth muscle mass and angiogenesis, collectively known as airway remodeling ([@ref2]). Airway remodeling results in thickening of airway walls and, consequently leads to narrowing of airways and obstruction of airflow ([@ref3]). Currently, anti-inflammatory agents such as corticosteroids are the main therapeutic strategy for asthma. These agents reduce inflammation and have great potential in preventing structural changes ([@ref4]). However, many patients with severe persistent asthma do not respond to this type of therapy. Furthermore, it appears that these drugs are not able to reduce or reverse airway remodeling ([@ref5]) and most importantly, long-term therapy with corticosteroids may leads to many side effects ([@ref6]). Therefore, it is crucial to explore new therapeutic approaches that can reduce lung remodeling with fewer side effects. In recent years, cell therapy has attracted attention of researchers to treat asthma and its complications. Bone marrow-derived mesenchymal stem cells (BMSCs) are the multipotent stromal cells that can differentiate into multiple cell types including osteoblasts, chondrocytes, myocytes, and adipocytes ([@ref7]) and can regulate immune and inflammatory responses ([@ref8]). These cells do not express major histocompatibility complex (MHC) class II, thus, they can escape immune surveillance and can be used without the prior immunological modifications ([@ref9]). BMSCs express several cytokine and chemokine receptors causing them to migrate into the inflamed tissue ([@ref10]). In addition, the activity of these cells is regulated by environmental factors like, increased levels of pro-inflammatory cytokines in the tissues lead to increased secretion of anti-inflammatory factors by BMSCs, conversely, decreased levels of pro-inflammatory cytokines in the tissues lead to decreased secretion of anti-inflammatory factors by these cells. The migration of BMSCs into the inflamed area and specific activity of these cells prevent infection and toxicity which occur during the treatment with steroids ([@ref9]).

Furthermore, the beneficial effects of BMSCs in reducing remodeling have been observed in many disorders such as liver ([@ref10], [@ref11]), lung ([@ref12], [@ref13]), kidney ([@ref14]) and heart ([@ref15], [@ref16]) fibrosis. Therefore, it seems that these cells have the ability to improve inflammatory diseases including asthma and ameliorate airway remodeling. Therefore, the effect of BMSCs therapy on lung pathology and inflammation in an ovalbumin-induced asthma model in mouse was examined in the present study.

Materials and Methods {#sec1-2}
=====================

Mice {#sec2-1}
----

BALB/c mice (6--8 weeks old) were obtained from Pasteur Institute of Iran, and bred in the animal laboratory of Tehran University of Medical Science. Mice were maintained in regular cages under the controlled environmental conditions (20 ± 2 °C and 12hr light--dark cycle) and allowed free access to standard lab chow and water. Animal care and the general protocols for animal use were approved by the Animal Ethics Community of Tehran University of Medical Sciences.

Experimental design {#sec2-2}
-------------------

Fourteen male BALB/c mice were entered into this study. Four animals were not sensitized and served as the control group while others were sensitized by intraperitoneal injection of ovalbumin (OVA) (10 mg) (OVA, Sigma grade 5) and aluminum hydroxide (2 mg) on day 0 and 14. After one week, animals were exposed to aerosolized OVA (3%) in a closed chamber (dimensions 40×40×70 cm) using a compressor nebulizer (Omron CX3, Japan) for 30 min per day on three days a week for eight weeks ([@ref17]). Then, animals were randomly divided into two groups:

1-Asthma group: animals were not treated (n=4).2-Asthma+BMSC group: animals were treated with single intravenous injection of BMSCs (1×10^6^) on the last week of challenge (n=6).

The sample size was chosen according several similar previous studies ([@ref18]-[@ref20], [@ref38]).

Preparation of BMSCs {#sec2-3}
--------------------

The BMSCs were collected from the long bones of adult male Balb/c mice aged 6-8 weeks. Briefly, animals were killed, and the tibias and the femurs were dissected out. The proximal and distal ends were removed under aseptic conditions, and the bone marrow was aspirated with 1 ml culture medium using a 31 G needle. The cell pellet containing hematopoietic cells and bone marrow stromal cells among others was suspended in growth medium containing Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Burlington, Ontario, Canada) supplemented with 15% fetal bovine serum (FBS; Invitrogen), penicillin (100 u/ml), streptomycin (100 µg/ml) and amphotericin B (25 ng/ml) (Sigma). The harvested cells were seeded on a 25 cm^2^ flask (Nunc, Roskilde, Denmark) and maintained at 37 °C and 5% CO~2~ in an incubator for 24 hr. The flasks were then washed with PBS to remove the hematopoietic cells. The cells were then incubated for 2--3 days, at which point the cells reached 70--80% confluence. Cultures were harvested with Trypsin--EDTA solution (0.25% Trypsin, 0.5 mM EDTA; Sigma) for 5--10 min at 37 °C to obtain a single-cell suspension. Nucleated marrow cells were counted using a cytometer to ensure adequate cell numbers for transplantation. This cycle was repeated four times (passage 1, 2, 3 and 4, respectively). At the 3rd passage, the cells were checked for BMSC purity using antibody staining as described later ([@ref21]).

Characterization and purification {#sec2-4}
---------------------------------

Mouse BMSCs within 3-5 passages after the initial plating of the primary culture were harvested by trypsinization, and then the cells were fixed in neutralized 2% paraformaldehyde solution (Sigma, USA) for 30 min. The fixed cells were washed twice with phosphate buffered saline (PBS) (Sigma, USA) and incubated with antibodies to the following antigens: CD31, CD45, CD90 and CD44 (all from Chemicon, CA) for 30 min. Flow cytometry was performed with a FACScan flowcytometer (Becton Dickinson, CA) ([@ref22]).

BMSCs multilineage differentiation potential {#sec2-5}
--------------------------------------------

Cultured stem cells of passage 2 were disseminated at a density of 5000 cells/cm^2^ and maintained in growth medium for 3 days. Then medium was replaced by differentiation medium with slight modifications. Differentiation medium contained minimum essential medium-alpha (αMEM), 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin and additionally either 10 nM dexamethasone, 50 mg/ml L-ascorbic acid and 10 mM b-glycerophosphate (osteogenic differentiation) or 10 nM dexamethasone, 200 mg/ml indomethacin, 5 mg/ml insulin and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) (adipogenic differentiation). Media change was performed every 3--4 days. After 21 days, osteogenic deposits and adipocytes were visualized by alizarin red and oil red O staining respectively ([@ref23]).

Alizarin red S staining {#sec2-6}
-----------------------

Confirmation of osteogenesis was confirmed by means of Alizarin Red S staining (highlights extracellular matrix calcification). Cells in flasks (25 cm^2^) were washed with PBS and fixed in 10% (v/v) formaldehyde (Sigma-Aldrich). After 15 min alizarin red s (ARS) 2% (pH = 4.1) was added to each flask. The flasks were incubated at room temperature for 20 min. Then the flasks were washed four times with dH~2~O while being shaken for 5 min ([@ref24]).

Oil red O staining {#sec2-7}
------------------

At day 10 after the induction of adipogenesis, the 24-well plates containing cultured BMSCs were washed with PBS three times, fixed with 10% formalin, sealed to prevent dehydration, and stored at 4 °C. Subsequently, the fixative was aspirated and the individual wells were stained with 600 μl of freshly prepared 0.3% Oil Red O staining solution for 20 min and then washed five times with water ([@ref25]).

BMSCs Labeling with Bromodeoxyuridine (BrdU) {#sec2-8}
--------------------------------------------

To determine the fate of the transplanted BMSCs, BrdU were used. BMSCs reached the 3rd passage and transferred to a 250 ml flask. After about 40 percent of flask was occupied by the cells, BrdU was added to the culture at a concentration of 5 mM and then every time that culture is changed, BrdU was added. Until the cells reach a stage 70 to 80% confluence ([@ref26]).

Bronchoalveolar lavage (BAL) fluid {#sec2-9}
----------------------------------

One day after the last challenge, mice were anesthetized and BAL fluid was collected in by cannulating the trachea and lavaging with three 0.3 ml sterile PBS. Total cell number for each animal was determined and differential cell analysis was performed on slides stained with Wright and Giemsa solutions ([@ref27]).

Histopathological analysis {#sec2-10}
--------------------------

Left lungs were fixed in formalin, embedded in paraffin, sectioned at 4 mm thickness, and stained with hematoxylin-eosin (H&E) solution, periodic acid schiff (PAS) and Masson's trichrome to estimate inflammation, goblet cell hyperplasia and subepithelial fibrosis, respectively. Then five airway sections randomly distributed throughout the left lung were analyzed for each animal and their average scores were calculated as follows: to determine the goblet cell hyperplasia the ratio of PAS-positive cells/total cells were calculated, the adopted grading system was: 0, no goblet cells; 1, \< 15%; 2, 15--30%; 3, 30--45%; 4, 45--60%; 5, \>60% ([@ref27]), the severity of lung inflammation was performed based on the degree of inflammatory cell infiltration to the peribronchiolar area. It was evaluated by a subjective scale: 0, no cells; 1, a few cells; 2, a ring of cells 1 cell layer deep; 3, a ring of cells 2--4 cells deep; 4, a ring of cells 4--6 cells deep; 5, a ring of cells \> 6 cells deep ([@ref28]). subepithelial fibrosis was asses using the Digimizer software. The area of collagen deposition (AC) and the perimeter of basement membrane of bronchioles (Pbm) were measured. Results are expressed as the AC per Pbm (AC/Pbm μm^2^/μm). The adopted grading system was:

0, \<5 AC/Pbm (μm^2^/μm);

1, 5--10 AC/Pbm (μm^2^/μm);

2, 10--15 AC/Pbm (μm^2^/μm);

3, 15--20 AC/Pbm (μm^2^/μm);

4, 20--25 AC/Pbm (μm^2^/μm);

5, \>25 AC/Pbm (μm^2^/μm) ([@ref28]).

In order to analyze the migration of BMSCs to the lung tissue, light microscopic evaluation was made by a blinded investigator.

Statistical analysis {#sec2-11}
--------------------

Data are presented as the mean±SEM. Comparison between groups (control, asthma and asthma+BMSC) were performed using analyze with analysis of variance (ANOVA) followed by the Tukey test. A probability value of \<0.05 was considered statistically significant.

Results {#sec1-3}
=======

Characterization of BMSCs {#sec2-12}
-------------------------

The BMSCs appeared as a monolayer of large, fibroblast-like flattened cells which were able to adopt an osteogenic or adipogenic phenotype under appropriate conditions ([Figure 2](#F1 F2){ref-type="fig"}).

![Time table for mouse model of asthma and treatment with bone marrow-derived mesenchymal stem cells (BMSCs)](IJBMS-19-55-g001){#F1}

![Initially adherent undifferentiated bone marrow-derived mesenchymal stem cells (BMSCs) grew as spindle-shaped cells (A). Alizarin red staining of mineralized bone tissue after osteogenic differentiation (B) and oil red O positive intracellular lipid droplets (C) indicates that BMSCs can differentiate to osteoblasts and adipocytes respectively](IJBMS-19-55-g002){#F2}

Flowcytometry analysis of BMSCs within 3-5 passages showed that BMSCs significantly expressed CD44 and CD90, but were negative for CD31 and CD45 ([Figure 3](#F3){ref-type="fig"}).

![Flowcytometric analysis indicating that the cells were mesenchymal stem cells since CD44 and CD90 were positive and CD31 and CD45 were negative](IJBMS-19-55-g003){#F3}

The migration of BMSCs into the lung tissue {#sec2-13}
-------------------------------------------

A large number of BrdU-BMSCs were found in the lungs of mice treated with BMSCs (67.33±9.21/visual field), indicating that BMSCs migrated into the inflamed lung ([Figure 4](#F4){ref-type="fig"}).

![BMSC migration into the lung tissue in ovalbumin-induced animal model of asthma in BALB-c mice treated with BMSCs (Asth+BMSC). Thin blue arrow shows BrdU-positive cell (magnification 20 ×)](IJBMS-19-55-g004){#F4}

The BAL total WBC counts {#sec2-14}
------------------------

In asthmatic animals induced by ovalbumin, there was a significant increase in BAL total WBC counts (2495±339.76, *P*\<0.01). Treatment with BMSCs significantly decreased the accumulation of WBC (1485±214.64, *P*\<0.05). ([Figure 5](#F5){ref-type="fig"}).

![Total WBC count/ml (A) and the percentage of neutrophils (B), eosinophils (C) and lymphocytes (D) in the BAL fluid in control animals (Cont, n=4), OVA -induced asthma model (Asth, n=4) and asthmatic animals treated with BMSC (Asth+BMSC, n=6). Statistical comparison between groups was performed using analysis of variance followed by the Tukey test. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared to control group, \#*P*\<0.05, \#\#\# *P*\<0.001 compared to asthma group](IJBMS-19-55-g005){#F5}

Differential count of WBC in the BAL fluid {#sec2-15}
------------------------------------------

There was a significant increase in the percentage of neutrophils (23.68±0.94, *P*\<0.001) and eosinophils (24±1.41, *P*\<0.01) and a decrease in percentage of lymphocytes (30.14±4.1, *P*\<0.01) in BAL fluid of asthmatic animals compared with those of controls (14.48±0.45, 10.59±2.26 and 51.88±4.76, respectively). Treatment with BMSCs resulted in significant reduction in neutrophils (17.17±0.64, *P*\<0.001) and eosinophils (13.8±2.12, *P*\<0.05) with a nonsignificantly increase in lymphocytes (41.64 ±1.31) compared with non treated asthmatic animals ([Figure 5](#F5){ref-type="fig"}).

The peribronchial inflammatory cell infiltration {#sec2-16}
------------------------------------------------

The mean peribronchial inflammatory cell infiltration score was significantly elevated in the asthma group versus the control group (4.75±0.25 versus 1±0.4, *P*\<0.001). Treatment with BMSCs markedly reduced the mean peribronchial inflammatory cell infiltration score versus the asthma group (2.16±0.4, *P*\<0.01) ([Figure 6](#F6){ref-type="fig"}).

![The peribronchial inflammatory cell infiltration (A), the airway goblet cell hyperplasia (B) and the subepithelial fibrosis (C) in control animals (Cont, n=4), OVA -induced asthma model (Asth, n=4) and asthmatic animals treated with BMSC (Asth+BMSC, n=6). The degree of peribronchiolar inflammation was evaluated by a subjective scale. The scoring system was: 0, no cells; 1, a few cells; 2, a ring of cells 1 cell layer deep; 3, a ring of cells 2--4 cells deep; 4, a ring of cells 4--6 cells deep; 5, a ring of cells \> 6 cells deep. The degree of goblet cell hyperplasia was reported as the ratio of PAS-positive cells/total cells. The adopted grading system was: 0, no goblet cells; 1, \< 15%; 2, 15--30%; 3, 30--45%; 4, 45--60%; 5, \> 60%. The degree of fibrosis was expressed as the area of collagen deposition per the perimeter of basement membrane (AC/Pbm μm^2^/μm) of bronchioles. The adopted grading system was: 0, \<5 AC/Pbm (μm^2^/μm); 1, 5--10 AC/Pbm (μm^2^/μm); 2, 10--15 AC/Pbm (μm^2^/μm); 3, 15--20 AC/Pbm (μm^2^/μm); 4, 20--25 AC/Pbm (μm^2^/μm); 5, \>25 AC/Pbm (μm^2^/μm). Statistical comparison between groups was performed using analysis of variance followed by the Tukey test. \*\*\**P*\<0.001 compared to control group, \#\# *P*\<0.01 compared to asthma group](IJBMS-19-55-g006){#F6}

The airway goblet cell hyperplasia {#sec2-17}
----------------------------------

The score of goblet cells evaluated by PAS staining showed that goblet cells in the asthmatic mice were significantly higher than those of the control mice (3.75±0.25 versus 0.75±0.25, *P*\<0.001). Asthmatic mice treated with BMSCs showed lower numbers of goblet cells compared with no treated asthmatic mice (1.6±0.33, *P*\<0.01). Furthermore, there was no significant difference between asthmatic mice treated with BMSCs and control mice ([Figure 6](#F6){ref-type="fig"}).

The subepithelial fibrosis {#sec2-18}
--------------------------

A significant increase in the extent of collagen deposition was observed in the asthma group as compared with control group (4.25±0.25 versus 0.5±0.25, *P*\<0.001). BMSCs therapy did not reduce the extent of collagen deposition (3.66±0.21, *P*\<0.001) ([Figure 6](#F6){ref-type="fig"}). Photographs of lung histopathology of lung specimens in different groups were provided in [Figure 7](#F7){ref-type="fig"}.

![Histopathological findings of bronchial wall in control animals (Cont), OVA -induced asthma model (Asth) and asthmatic animals treated with BMSC (Asth+BMSC). Blue thin arrows show inflammatory cell infiltration, black thin arrows show goblet cells, yellow thin arrows show collagen deposition; staining with hematoxlin-eosin (H&E) solution, periodic acid schiff (PAS) and Masson's trichrome; magnification 10 ×, 40 × and 20 ×, respectively).](IJBMS-19-55-g007){#F7}

Discussion {#sec1-4}
==========

The results of the present study showed significant increase in inflammatory cell infiltration to the bronchoalveolar fluid and all scores of lung pathological changes in asthma group compared to control group. In addition, it showed that BMSCs migrated to the lung tissue in Asthma+BMSC group and effectively inhibited airway inflammation, goblet cell hyperplasia and inflammatory cell infiltration to the bronchoalveolar fluid induced by OVA sensitization.

In this study BMSCs migrated to and localized in the lung tissue in Asthma+BMSC group. The ability of mesenchymal stem cells (MSCs) to migrate into the damaged and inflamed areas has been shown in several diseases such as cerebral ischemia ([@ref29]), myocardial infarction ([@ref30]) and pulmonary fibrosis ([@ref31]). Despite much research, the mechanisms responsible for the migration and implantation of these cells are not well defined. However, the general result is that MSCs express multiple receptors for chemokine and cytokine that may play a role in their migration into the damaged tissue. It has been demonstrated that Stromal cell-derived factor-1 (SDF-1) and its cellular receptor, C-X-C chemokine receptor type 4 (CXCR4), are involved in MSCs migration to the brain ([@ref32]), liver ([@ref33]) and heart ([@ref34]). Importantly, Exogenous MSCs migration to sites of inflammation in asthmatic mice, through a SDF-1/CXCR4-dependent mechanism, has been shown in Ou-Yang *et al* study ([@ref35]). Therefore, it seems that BMSCs migrated to the lung tissue through such mechanism in current study.

Previously, it has been documented that chronic stimulation of T helper (Th) by allergens triggers their differentiation into T helper type 2 (Th2) cells. Th2 produce cytokines involved in immunoglobulin E (IgE) production, eosinophil activation, neutrophil and monocyte recruitment to tissues, fibrosis and excess mucus production. IgE antibodies bind to the IgE receptor on mast cells or basophils, causing the sensitization and activation of these cells in allergen re-exposure. Activation of mast cells triggers the release of inflammatory mediators which causes vasodilation, bronchoconstriction and tissue damage. Eosinophils cause airways inflammation by releasing their contents. Neutrophils and monocytes also release their inflammatory products, and increase these complications. Mentioned factors lead to structural changes of the airways including subepithelial fibrosis, goblet cell hyperplasia, airway smooth muscle hypertrophy and angiogenesis ([@ref36]).

In fact, the increased inflammatory cell infiltration, especially neutrophil and eosinophil, to the bronchoalveolar fluid, lung inflammation, goblet cell hyperplasia and subepithelial fibrosis have been reported in OVA-sensitized animals ([@ref37], [@ref38]).

In the present study, significant increase in the infiltration of neutrophil and eosinophil to the bronchoalveolar fluid, lung inflammation, goblet cell hyperplasia and subepithelial fibrosis was observed in sensitized mice which confirmed sensitization (induction of an asthma animal model) of mice which is supported by previous studies ([@ref36]-[@ref38]).

In this study BMSCs decreased the infiltration of neutrophil and eosinophil to the bronchoalveolar fluid, lung inflammation and goblet cell hyperplasia in Asthma+BMSC group compared to asthma group. Over the last decade, MSCs have attracted significant interest to treat asthma and its complications because of their ability to regulate immune and inflammatory responses ([@ref8]). Previous studies showed that intravenously introduce MSCs reduce airway inflammation, mucus hypersecretion and bronchoconstriction index as well as Th2 cytokines levels and inflammatory cells infiltration in murine model of asthma and chronic obstructive pulmonary disease (COPD) ([@ref13], [@ref39]-[@ref44]). Bonfield *et al* showed that intravenous administration of human MSCs could significantly decrease airway inflammation, mucus hypersecretion and hyper responsiveness in animal model of asthma ([@ref38]). Firinci *et al* used murine bone marrow MSCs in their experiments and demonstrated that intravenous administration of MSCs led to a significant decrease in basement membrane and smooth muscle layer thickness and reduced the number of mast cells and goblet cells ([@ref17]). Ou-Yang *et al* reported that cell therapy could protect mice against a range of allergic airway inflammatory pathologies, including inflammatory cells infiltration, mast cell degranulation and airway hyperreactivity ([@ref35]). All mentioned studies support the findings of the present study.

According to previous studies, induction of T- regulatory cells and Th2 to Th1 shift may attenuate inflammatory and allergic responses during asthma treatment. In fact the potential therapeutic effect of Th2 to Th1 in animal model of asthma was previously shown in several studies ([@ref45]-[@ref47]). Furthermore, Bonfield *et al* in their study showed that MSCs mediated their effect on the murine asthma model through decrease in Th2 cytokines ([@ref38]). Therefore, by initiating such mechanisms BMSCs may exert therapeutic effects in our study.

However, BMSCs did not reduce subepithelial fibrosis, which is in contrast to findings of Bonfield *et al* study that revealed that MSCs decreased extracellular matrix deposition ([@ref38]). It may be explained by the differences in duration of OVA challenge which was longer, or amount of extracellular matrix deposition which was more in our study. Further studies are recommended to evaluate whether long-term cell therapy and the administration of repeated doses of BMSCs could reduce the subepithelial fibrosis in this model.

In contrast to other studies which have used cell therapy before induction of asthma, in this study we reported that cell therapy can be a therapeutic option for asthma treatment. Furthermore, since our protocol had 8 weeks OVA challenge for establishing asthma induced airway remodeling instead of 4 weeks ([@ref38]), remodeling was well established in our study.

In our study, a limited investigation of circulating and lung inflammatory mediators failed to show any effects of cell therapy on inflammatory biomarkers including Th2 cytokines.

Conclusion {#sec1-5}
==========

In conclusion, the results of the present study demonstrated that cell therapy significantly suppressed lung pathology and inflammation in the ovalbumin induced asthma model in mice which deserve further studies including clinical investigations.
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